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DISTRIBUTION OF SOIL ENZYME ACTIVITY ACROSS SOIL ORGANIC MATTER 
FRACTIONS: A META-ANALYSIS 
by  
Christina A. Lyons  
University of New Hampshire, September, 2021 
 
Enzymes are the drivers of organic matter degradation and biogeochemical cycling. Extracellular 
enzyme activity is often examined on a bulk soil level though some studies explore their activity 
within soil fractions. Across soil size fractions, organic matter turnover differs greatly suggesting 
that enzymes are either unevenly distributed across fractions or their activity or efficacy is 
concentrated in certain fractions, likely those with the greatest quantities of organic matter. By 
examining the distribution of soil enzyme activity across different size fractions, we can better 
understand the relative role individual particles and aggregate building blocks have on enzyme 
activity, and also the soil hotspots of organic matter degradation and accumulation. Though 
studies have examined the distribution of enzyme activity across fractions, to date there has been 
no effort to synthesize existing work on enzyme activities across soil fractions in relation to 
edaphic soil properties and land management practices. This meta-analysis examines differences 
in enzyme activity across soil size fractions looking specifically at activity of enzymes across 
soil particle and aggregate size fractions and the influence of land us on soil enzyme activity. My 
results show combined enzyme activity is generally elevated in the finest soil fractions, 
regardless of fractionation method. Additionally, individual enzymes respond differently, even 
those involved with mobilizing the same nutrient, highlighting the importance of enzyme 
characteristics on enzyme activity and supporting future research on enzyme-surface 




sites having the greatest enzyme activity while activity is reduced under agricultural tillage and 
fertilizer regimes. These results highlight the importance of continued research on enzyme-soil 
interactions, particularly within the fine fractions, to improve our understanding of organic 





A central goal of soil science has been to understand the cycling and degradation of 
organic matter over various timescales and in various settings. Over the past century our 
understanding of organic matter fractions evolved from focusing on chemically recalcitrant 
humic materials to centering around physical fractionation based on size or density (Jastrow, 
1996; Grandy and Robertson, 2007; Grandy et al., 2009). During this evolution, there has been 
increasing recognition that organic matter accumulates through association with mineral surfaces 
and occlusion in soil aggregates. Recent work has found that the much of the organic matter 
present in soils accumulates in the fine (e.g. clay) fractions and that nitrogen rich compounds like 
amino acids are often the first to bind to mineral surfaces, providing a foundation for organic 
matter accumulation (Grandy and Neff, 2008; Vogel et al., 2014; Jilling et al., 2018). Amino 
acids are the foundational units of enzymes; thus, many enzymes are nitrogen-rich. This suggests 
that we may expect enzymes to accumulate in the fine fractions.  
However, enzymes are unlike any other compound in soil because they drive the 
breakdown of organic matter which is critical to our understanding of organic matter turnover 
and accumulation. Yet enzymes also have potential to contribute to the accumulation of organic 
matter by binding to mineral surfaces (Burns, 1982; Burns et al., 2013). Most work examining 
the degradation of organic matter in soil has either focused on the role of root exudates in 
mobilizing organic matter (Keiluweit et al., 2012; Jilling et al., 2018), examined enzymes 
involved in particular biogeochemical cycles, or explored enzyme-mineral interactions to 
understand the potential of enzymatic degradation in highly controlled laboratory studies 
(McLaren, 1954; Yang et al., 2019). Though these approaches are valuable, we need to improve 




environment to gain a more complete understanding on nutrient uptake and organic matter 
turnover across.  
Soils are heterogenous and can be fractionated in numerous ways to improve our 
understanding of micro-scale processes. Common methods of soil fractionation include particle 
size and aggregate fractionation which can be characterized by different chemical characteristics 
and turnover rates. Particle size fractions, sand, silt, and clay, are the building blocks of soil; the 
clay fraction accumulates much of the organic matter yet has a slower turnover rate than larger 
size fractions which are more closely associated with particulate organic matter (Christensen, 
2001). Structural fractionations enable examination of soil aggregates which contribute to 
stability and the occlusion of organic matter (Six et al., 2000). By synthesizing knowledge on 
enzyme activity across these soil size fractions we can better understand the ability of enzymes 
to destabilize organic matter and what fractions microbes are acquiring nutrients from which 
may help us understand variation in turnover rates for different nutrients (Dorodnikov et al., 
2011) across soil fractions with distinct biogeochemical characteristics. Thus, the question 
driving my research is how does enzyme activity vary across soil particle size fractions?   
 
Microbial enzyme production  
Though microbes are considered to play a major role in organic matter breakdown and 
nutrient cycling, their enzymes are proximal to the degradation of these substances. Microbes are 
the dominant producers of both intracellular and extracellular enzymes, both of which are 
susceptible to denaturation or inactivation outside of the cell. It is thought that microbes 




Burns et al., 2013) and overcome nutrient limitation. Enzyme production is considered a foraging 
strategy for microbes as enzymes are released to acquire nutrients necessary for microbial 
function (Schimel, 2003). However, enzyme production is not consistent in the type or rate of 
enzymes produced because some have a high production cost or production may be limited by 
nutrient availability (Smith and Chapman, 2010; Li et al., 2009; Schimel, 2003). Under nutrient 
limitation, microbes invest heavily in enzymes that acquire that nutrient. To allow for foraging 
during nutrient limitation, enzymes are often structured to reduce the use of the needed element 
when being synthesized (Li et al., 2009; Bragg and Wagner, 2007). β-glucosidases is a common 
carbon-degrading enzyme due to its low production cost, however de Eugenio et al., (2017) 
found production of this enzyme is repressed when carbon availability is high. Elevating the 
availability of phosphorus has been found to reduce activity of acid phosphatase and N-acetyl-
glycosaminidase while only adding nitrogen leads to a reduction of N-acetyl-glycosaminidase 
activity (Keane et al., 2020; Turner and Wright, 2014). Similarly, activity of phenol oxidases and 
peroxidases, was reduced under increasing nitrogen addition, though adding in micro-nutrients 
elevated the activity of these oxidases (Whalen et al., 2018). By examining enzyme activity 
across soil fractions, we can improve our understanding of where in soils microbes acquire 
nutrients which may explain variation in rates of organic matter turnover for different nutrients 
across fractions. For example, the finest fractions in soil are often associated with high nitrogen 
availability and likely have elevated activity of N-acquiring enzymes. Thus, nutrient additions 
and availability, for example associated with different land management practices, influence 
microbial enzyme production potentially impacting the rate of organic matter turnover.  
 




 Land management alters soil biogeochemical processes and nutrient cycling by directly 
affecting soil carbon contents and enzyme activity. Soil carbon and enzyme activities are 
positively correlated, suggesting ecosystems with greater carbon contents have greater enzyme 
activities (Schimel, 2003). Native and naturally managed ecosystems, including forests and 
grasslands, have been found to have greater soil carbon, nitrogen and enzyme activities when 
compared to conventionally managed agricultural systems (Acosta-Martínez et al., 2007; 
Saviozzi et al., 2001). Agricultural practices vary greatly in frequency and intensity allowing 
managers to select practices that increase soil carbon, nitrogen, and enzyme activity. Tillage and 
fertilizer addition are two common agricultural practices. No-till systems show greater activity 
compared to all other tillage practices, suggesting no-till is beneficial to increasing enzyme 
activity (Zuber and Villamil, 2016). Similarly, the use of organic amendments and organic 
management practices have been found to increase soil organic carbon, nitrogen, and enzyme 
activities (Ndiaye et al., 2000; Grandy and Robertson, 2007; Bowles et al., 2014; Kravchenko et 
al., 2019). Increasing enzyme soil enzyme activity is important to increasing plant and microbial 
access to nutrients, leading to more efficient cycling of nutrients.   
 
Soil-enzyme interactions 
For over a century, scientists have worked to understand the breakdown of organic 
matter, nutrient availability, and turnover in soils. Extracellular enzymes have been found to be 
critical to mediating these biogeochemical processes. In soils, enzymes catalyze the breakdown 
of macromolecules in solution and can release nutrients from the outer most binding region of 
minerals (Kögel‐Knabner et al., 2008). These monomers and simple polymers are then 




Extracellular enzymes have been found to be critical to mediating biogeochemical 
processes including the turnover of organic matter (Luo et al., 2017). Enzymes have differential 
abilities to break down organic matter with hydrolytic and oxidoreductase enzymes, having the 
greatest impact in soil systems. Hydrolytic enzymes operate through a lock-and-key mechanism 
to break particular bonds in a compound (e.g., β-glucosidase using a two-step process to cleave 
bonds in carbohydrates; Singh et al., 2016), while oxidative enzymes do not display substrate 
specificity (Allison, 2006; Hassan et al., 2013). These enzymes operate through redox reactions, 
with the oxidation of an aromatic, phenol, or other inorganic substance and reduction of either 
hydrogen peroxide or oxygen. By breaking down recalcitrant compounds, oxidative enzymes act 
as a control on organic matter dynamics while hydrolytic enzymes breakdown more easily 
degraded compounds (Freeman et al., 2001; Hassan et al., 2013; Luo et al., 2017), highlighting 
the critical role enzymes play in biogeochemical cycles.   
Though enzymes have great potential to catalyze reactions, the fate of enzymes within 
soil influences their observed activity. Some work on soil enzyme distribution has attempted to 
look at microscale variations through soil sterilization methods to separate the activity of cell-
bound and mineral-bound enzymes. Blankinship et al. (2014) used sterilization techniques and 
found hydrolytic enzyme activity to be closely associated with cells and oxidative activity to be 
more associated with soil particles, suggesting that enzymes may retain the ability to breakdown 
organic matter when adsorbed to minerals. Though such results are useful, microbes are present 
across all soil fractions and we lack a clear understanding of the distribution of enzymes across 
soil fractions. Soil fractions differ in their surface area, chemical composition, and modes of 
protection, which are discussed more below. Based on the characteristics of soil fractions, it 




enzymes that acquire that nutrient. For example, studies have found elevated activity of urease 
and N-acetyl-glycosaminidase in the fine fractions which are characterized by a high carbon and 
nitrogen content (Kumar et al., 2017; Qin et al., 2010; Kandeler et al., 1999). In contrast, Allison 
and Jastrow (2006) were unable to detect N-acetyl-glycosaminidase in the clay fraction, contrary 
to what would be expected based on nutrient availability in these fractions (Grandy and Neff, 
2008). Such discrepancies warrant further investigation into the distribution of enzyme activity 
across soil size fractions.  
 
 Enzyme activity measurements  
Measurements of enzyme activity have been conducted for over a century and used as 
indicators of microbial activity (Sinsabaugh and Weintraub, 1994), metal contamination (Aponte 
et al., 2020), microbial response to nutrient limitation (Keane et al., 2020; Luo et al., 2017), and 
soil quality and health (Alkorta et al., 2003). Such extensive use of enzyme activity has been 
enabled by rapid enzyme assays. Enzyme assays often involves incubating a buffered soil 
suspension over a given time period followed by quantifying the release of end products using 
either colorimetric, fluorometric, or spectroscopic methods. Across these methods, there are 
many variations in the recommended incubation temperature and pH which may lead to 
difficulty interpreting enzyme responses across studies. For these reasons, special care must be 
taken when interpreting and conducting enzyme assays. Additionally, current assays are not a 
true reflection of current microbial activity and cannot distinguish between enzymes released by 
the active microbial community and those which are persisting in the soil (Howard, 1972; 
German et al., 2011; Nannipieri et al., 2018, 2012). Recent progress has been made in 




across methods (Deng et al., 2017; Dick et al., 2018). Though this meta-analysis did not exclude 
studies based on the method use for enzyme assay, many studies used similar methods.  
 
Characteristics of soil fractions and aggregates  
Soils are often fractionated to improve our resolution of soil chemical and physical 
properties. Two common fractionation methods are particle size analysis, separating the sand, 
silt, and clay fractions of soil; and structural analysis which divides soil into aggregates of 
various sizes. Particle size analyses allow for determining the distribution of the particle sizes 
within soil which provides important information on water holding capacity, organic matter 
content, and buffering capacity. Soils dominated by sand typically have larger pore sizes than 
those dominated by clay, which hold more water and organic matter. Clay minerals have the 
greatest potential to bind monomers and simple polymers, which bind to mineral surfaces via 
chemical bonds including covalent and hydrogen-bonds (Jastrow, 1996; Kleber et al., 2007, 
2015). These organic molecules bind to one another through van der Waals and hydrophobic 
interactions forming layers which extend from the mineral surface thus forming mineral 
associated organic matter (Herrmann et al., 2007; Keiluweit et al., 2012; Kopittke et al., 2020). 
Clay particles play a critical role in the formation of aggregates which are bound by organic 
matter, microbial byproducts, and ionic interactions.  
Aggregates are composed of various particle size fractions and form gradients of physical 
and chemical protection (Grandy and Robertson, 2007; Six et al., 2000). Formation of aggregates 
has been described as a hierarchal structure with organic matter binding to individual soil 




of new microaggregates is critical to carbon sequestration and closely linked to macroaggregate 
turnover (Skjemstad et al., 1990; Six et al., 2000). Organic matter stored within aggregates can 
remain temporarily inaccessible to further decay. Aggregate turnover is closely tied to aggregate 
stability and formation which can be strongly influenced by management, organic matter, and 
climatic variables (Tisdall and Oades, 1982; Goebel et al., 2005; Tiemann et al., 2015). Thus, 
aggregate fractions are useful for understanding associations of soil structure.  
 
Fractionation methods  
There are a number of methods used to separate soil into its different components that are 
chemically and physically distinct. The most common fractionation techniques involve chemical 
or physical dispersion or a combination of methods. Chemical fractionation techniques – 
sometimes serving as a proxy for the enzymatic breakdown of organic matter – are mainly used 
for analysis of distinct chemical fractions in soil as the chemicals may interfere with organic 
matter chemistry (Elliott and Cambardella, 1991; von Lützow et al., 2007). These treatments are 
not recommended for examining enzyme or organic matter within particle size classes, as 
chemicals may dissolve organic matter or disassociate organo-mineral bonds (Christensen, 2001; 
von Lützow et al., 2007).  
 
Physical fractionation techniques make use of some combination of shaking, sieving, or 
dispersing agents to separate soils by particle size or density (Elliott and Cambardella, 1991; 
Duddigan et al., 2019). Slaking and sieving are effective for separating macroaggregates though 




aggregate fractions, dry or wet sieving is often employed to maintain integrity of the soil 
structure. When acquiring soil particle size fractions, however, sonication or dispersing agents 
such as sodium hexametaphosphate may be used. Sonication uses high intensity vibrations to 
break interaggregate bonds effectively dispersing aggregates (Elliott and Cambardella, 1991) 
making it an effective method at separating SOM into size classes. To limit the dispersion and 
redistribution of organic matter and enzymes among size classes, sonication intensities should be 
calibrated for different soils and the lowest intensity used. By examining the activities of 
enzymes across soil size fractions we can better understand organic matter cycling and nutrient 
availability.  
 
Value of a meta-analyses in soil ecology  
Meta-analyses provide an unbiased summary of data from multiple studies which allow 
meaningful conclusions to be drawn across multiple locations. In soil science and ecology, site 
scale differences often have a large impact on the results of studies making it difficult to draw 
conclusions about what is driving a pattern or observation across spatial and temporal scales. To 
overcome these difficulties, enable reliability in results, and reduce bias, meta-analyses are 
conducted systemically by searching and filtering studies based on a preset list of criteria. By 
pooling results from many studies and normalizing data, meta-analyses allows us to compare 
information across studies, helping researchers recognize broad scale trends or patterns, validate 
reasoning for an observed pattern or response, overcome limitations of small sample sizes, and 
highlight areas for future research (Borenstein, 2009; Koricheva and Gurevitch, 2013). Over the 




soils (Xiao et al., 2018; Jian et al., 2016; Aponte et al., 2020; Meng et al., 2020; Dove et al., 
2020) and the distribution of organic matter within soil fractions (Cotrufo et al., 2019; Oldfield et 
al., 2019; Lavallee et al., 2020; Sanderman et al., 2021). However, to my knowledge there has 
not been a meta-analysis synthesizing results on enzyme activities within soil fractions. 
Improved understanding of enzyme activity distribution within soil fractions will enhance 
knowledge of where microbes acquire nutrients and can be applied to future research to improve 
the storage of soil nutrients. The objectives of my analysis are to 1) synthesize trends in enzyme 
activity across soil fractions 2) examine differences in enzyme activity between two fractionation 
methods, particle size fractions and structural fractions, 3) examine how agricultural land use and 
agricultural management influences soil enzyme activity, and 4) understand how other edaphic 
and climatic characteristics may serve as a predictor of enzyme activity.   
METHODS 
Data collection  
The Web of Science (1900-2020) was used to compile studies examining enzyme activity 
in soil fractions. Studies had to meet search criteria to be included in the data examination and 
extraction process; search criteria included 1) soils had to be fractionated or divided in some 
manner to either get at structural or particle size components, 2) enzyme activity had to be 
studied in the fractions, not just in the bulk soil. Initial searches were broad including keywords 
such as “soil*”, “enzyme*”, “fraction*”, “aggregate*” and yielded hundreds to thousands of 
results, however many of these results were irrelevant and did not study enzyme activity in soil 
fractions. For example, a study may have looked at enzyme activity, but only within the bulk soil 




a more targeted approach to searching the literature based on relevant papers which met the 
criteria for this work.   
From this initial review of the literature, I gathered keywords from relevant papers that 
were used in my search for papers, these search terms included “soil*”, “enzyme activity”, 
“enzyme activities”, “extracellular enzyme” or “extracellular enzymes” and were followed by 
other keywords including “fractionation”, “physical fraction*”, “density fraction*”, and 
“aggregate*”. All results of the search were extracted and manually filtered (Figure 1). Studies 
which met the following criteria were included in the next step of the analysis: 1) soils were 
fractionated into particle size classes (sand, silt, clay), structural classes (aggregates), or 
POM/MAOM, with the size of the fraction reported; 2) enzyme activities were measured in the 
soil fractions; 3) the mean enzyme activity and associated standard error or standard deviation 
were reported; 4) sample number was reported; 5) location of study, soil depth, and land use 
were reported. Reference lists of each paper were also examined for relevant papers and added 
into the pool of papers eligible for analysis (Figure 1). If a study met most of the above criteria 
but was missing information (e.g., sample number), the author was emailed to retrieve the 
relevant information. Studies that did not clearly report this information and those for which the 
corresponding author could not be reached were excluded. Additionally, studies that made use of 
a chemical fractionation methods, including use of organic solvents or potassium permanganate, 
were excluded as it is unknown what effects dispersant agents have on enzyme activity (Plaza et 
al., 2019; von Lützow et al., 2007). When a study examined enzyme activity at multiple time 
points, it was marked as two separate studies because this analysis is not looking at changes in 
enzyme activity over time. In total, 41 studies met the above criteria and were used for data 




than structural fractionation method (18 studies) and were located in North America, Europe, or 
China with little representation from the southern hemisphere or central Asia (Figure 2).  
 
Data extraction  
Data was extracted from figures where necessary using the PlotDigitizer software 
(http://plotdigitizer.sourceforge.net/). The mean enzyme activity and associated variance and 
sample number were reported for each size fraction in the study. The methods used for soil 
fractionation and enzyme activity were also noted. Additional information taken from studies 
included bulk soil enzyme activity, organic carbon, total nitrogen, C:N ratio, microbial biomass 
carbon and nitrogen, and pH for each fraction or bulk soils, though not all studies provided this 
information. Site information, including land use and treatments were also reported.  
 
Preparing data for analysis 
Across most of the 41 studies, soils were initially sieved soil to either less than 8-mm or 
less than 2-mm prior to aggregate or particle size fractionation, respectively. Because a variety of 
soil size fractions were reported, studies were binned into two categories based on fractionation 
methods as aggregate fractions or particle fractions. Within each of these binned categories, there 
was variation in both the number of fractions created and size of soil fractions. Based on the data 
presented in the papers, three size-bins were used for aggregate fractions: >2000 µm, 250-2000 
µm, and <250 µm corresponding to large-macroaggregates, macro-aggregates, and micro-
aggregates. If a study did not report these exact sizes fractions or divide fractions into multiple 




bin. For example, if a study reported enzyme activity in the 250-500 µm, 500-1000 µm, and 
1000-2000 µm size classes, these values for enzyme activity would be averaged and weighted by 
the percent distribution of the size fraction in that soil to get the 250-2000 µm bin. The same 
process was used for studies that used a particle size fractionation method. The particle size 
fractions are as follows: 250-1000 µm, 63-250 µm, 2-63 µm, <2 µm corresponding to coarse 
sand, fine sand, silt, and clay. Studies that reported a <52 µm fraction were placed into the 2-63 
µm category. Studies that reported a 53-200, 53-250, or 63-200 µm fractions were placed into 
the 63-250 µm category. Two studies divided fractions into light and heavy particle size 
fractions; the former considered part of the 250-1000 µm class and latter grouped with 2-63 µm 
class (Grandy et al., 2007; Merino et al., 2015). 
A number of variables had different units reported in the literature including enzyme 
activity, organic carbon, total nitrogen, and microbial biomass carbon and nitrogen. Once data 
was in the appropriate size-class fraction, all variables were converted to the same units. 
 
Categorizing data  
 Data was collected from 28 enzymes though many of these enzymes were only present in 
one or two studies preventing a complete meta-analysis from being performed on each. Enzymes 
were categorized by the nutrient acquired, carbon, nitrogen, phosphorus, or oxidative and a 
combined extracellular enzyme activity was calculated as the average of the individual enzymes 
in each group (Table 1, Jian et al., 2016; Meng et al., 2020). Thus, C-acquiring enzymes 
represent the average activity of A, AE, AG, BE, BG, BX, CELL, CH, I, LP, S, and X; N-




P-acquiring enzymes represent the average of ACP, AKP, and P; and oxidative enzymes 
represent an average of DH, PEROX, and POX (Table 1). There was only one S-acquiring 
enzyme, ARYL, that was able to have a full meta-analysis completed. Land uses were grouped 
based on type and description provided in papers. Land use types are as follows, agriculture, 
forest, grassland, and prairie. When necessary, land uses as stated in a study were grouped into 
one of the aforementioned categories (e.g. native prairie and restored prairie categorized as 
prairie). Experiment length was determined as either long term (>25 years), intermediate (11-25 
years), or short term (<10 years). Precipitation and temperature data were also binned (Table 2).  
 
Calculations  
Reference mean  
Many studies did not include bulk soil enzyme activity, which would provide an ideal 
reference mean as none of the soils would be subject to a fractionation procedure. Because 
different methods of fractionation can produce very different fractions, it is equally difficult to 
calculate a consistent standard, a specific size fraction, that can be applied across studies that use 
different methods (Duddigan et al., 2019; von Lützow et al., 2007). This approach of developing 
a reference mean for enzyme activity allows for comparison of enzyme activity across fractions 
and allows moderator variables to be assessed. The reference mean for enzyme activity was 
calculated as a way to develop consistent responses to land use or treatments within each study, 
meaning it was calculated for each enzyme-fraction-treatment combination within a study. The 
reference mean and variance in enzyme activity was determined by taking the mean of enzyme 




treatment applied across multiple plots presented in a given research paper. This enabled the 
reference enzyme activity to be representative of activity observed in the sand, silt, or clay soil 
fraction, and allowed a specific comparison among soil fractions and aggregate sizes. This 
reference mean served as the control (Table 3).  
 
Effect size   
Effect size was calculated with the ‘metafor’ package (Viechtbauer, 2010) in R Statistical 
Software (R Core Team, 2020, version 4.0.2). By calculating an effect size, both the direction 
and magnitude of change can be observed for enzymes within each size fraction. The log ratio of 
means was used as the effect size to determine if enzyme activity within a soil fraction increased, 
positive effect size, or decreased, negative effect size relative to the reference and the magnitude 
of the change, how different the observed effect size is from zero. No effect, or an effect size of 
zero, represents no difference in enzyme activity within the fraction and reference grouped mean 
(Hedges et al., 1999).  
ln(𝑅) = ln (
𝑚1
𝑚2
) = ln𝑚1 − ln𝑚2 
where, m1 is the observed mean enzyme activity, m2 is the reference enzyme activity in 
each fraction. A ratio of 1 represents no effect whereas a ratio above or below 1 shows a positive 













where s1 is the variance of the observed enzyme activity, s2 is the reference variance in 
enzyme activity, n1 is the sample number of the observed means, n2 is the sample number of the 
reference, and m1 and m2 are the observed and reference mean enzyme activities, respectively 
(Viechtbauer, 2010). All data were back transformed using the equation, 𝑋 = ⁡𝑒ln𝑅 , where X is 
the effect size and expressed as a percent change in enzyme activity relative to the reference.  
 
Statistical analysis  
Calculation of effect sizes and all other statistical analyses were performed in R, version 
4.0.2 (R Core Team, 2020) using the ‘metafor’ package (Viechtbauer, 2010). A mixed effects 
approach was used to analyze the data. All models were run with either ‘particle size’ or 
‘structure’ data to separate the effects of the different fractions. Using these data subsets, overall 
heterogeneity of the data was initially assessed in models without moderators with the study 
author as the random factor. Heterogeneity was assessed in all models with the restricted 
maximum likelihood estimator and reported as heterogeneity among group effect sizes (QM) and 
residual error (QE).  
To assess how enzyme activity varies across soil size fractions, enzyme classification was 
used as a moderator to assess differences. Individual enzymes were used as moderators in a 
model if they were observed in more than five studies to further explore the different responses 
of enzymes in size fractions (Table 1). A nested mixed-effects model was conducted for either all 
land use types or agricultural-only studies and enzyme acquisition classification. Enzyme 
acquisition was also used as a nesting variable for models for land use, and experiment length 




considered significant. Regression models were performed for combined enzyme activity and the 
organic carbon, total nitrogen, and C:N ratio of each fraction. 
RESULTS 
Effect of particle size fractions on combined and individual enzyme activity   
 Enzyme activity was significantly different across soil particle size fractions (p <0.0001). 
When enzymes were grouped by functional group (C-, N-, P-acquisition and oxidative enzymes), 
enzyme activity was elevated in the clay fraction and lowest in the coarse and fine sand fractions 
(Figure 3). The silt fraction exhibited differential enzyme activity when grouped by function with 
lower activity observed for N- and P-acquiring enzymes and elevated oxidative enzyme activity 
(p < 0.05). Carbon-acquiring enzyme activity was not significantly different for the silt or clay 
fractions compared to the reference mean though both had slightly elevated activity, 3.5 and 
7.6%, respectively (95% CI: - 9–17, - 6–24). Individual C-acquiring enzymes showed various 
responses to enzyme activity which were generally not consistent with the pattern observed for 
combined C-acquiring enzyme activity across fractions (Figure 3, 4a). Activity of BG and BX in 
the coarse sand fraction was much lower than the other fractions, while activity of invertase was 
lowest in the fine sand fraction (Figure 4). Cellobiohydrolase is the only C-acquiring enzyme 
where activity is lowest in the clay and silt fractions and greater in the coarse and fine sand 
fractions.  
Similar differences in the observed pattern of combined verse individual N-acquiring and 
oxidative enzyme activity were observed across fractions. The clay fraction for LAP and U 
followed the same trend as combined N-acquiring enzyme activity, with activity in the clay 




NAG did not show this trend with estimated activity across fractions only somewhat significant 
(p < 0.01; Figure 4b). Acid phosphatase and ARYL follow the same pattern of increasing activity 
as the fraction size declines and have a similar distribution and magnitude of enzyme activity 
across soil fractions, with the exception of the clay fraction (Figure 4b). Activity of POX and DH 
had less variation in the magnitude of enzyme activity observed across fractions, however 
activity in fractions followed different patterns; phenol oxidase activity was greatest in the fine 
fractions while DH activity was greatest in the coarse sand fraction followed by clay and silt 
(Figure 4b).  
 
Effect of soil structure fractions on combined and individual enzyme activity  
  Across soil structural fractions, enzyme activity was significantly different (p < 0.0001). 
Grouping enzymes by functional group showed micro-aggregates consistently have an increase 
in enzyme activity relative to the macro-aggregate fraction and large-macro-aggregate fraction, 
with the exception of P-acquiring enzymes (Figure 5). Carbon acquiring enzymes in the micro-
aggregate fraction are estimated to have an activity very similar to the clay fraction, 7.5 and 
7.6% respectively, relative to the reference mean. For both soil particle size and aggregate 
classes, N-acquiring enzymes had similar magnitude and distribution of enzyme activity (Figures 
3, 5).  
Within individual enzymes, a positive effect size is observed for both acP and BG in the 
micro-aggregate fraction and CB in the macro-aggregate fraction; enzyme activity in all other 
fractions was reduced (Figure 6). Acid phosphatase had the lowest degree of variation, though 




similar trend in large verse small fractions across both modes of fractionation (Figures 4b, 6). 
Overall activity of individual enzymes was similar in both structure and particle size fractions 
(Figures 4 and 6).  
 
Effect of land use on combined enzyme activity in both particle size and structural fractions  
 In both particle size and structure fractions, land use had a significant effect on enzyme 
activity (p < 0.0001). Combined enzyme activity was lower for all land uses when the particle 
size fractionation method was employed, however the same was not observed for when 
examining structure fractions (Figure 7). When using the particle size fractionation method, the 
greatest enzyme activity was observed in grassland and prairie soils when examining sand, silt, 
and clay fractions. The one exception is oxidative enzymes which exhibited a greater activity in 
agricultural soils (Figure 7a). Forest and agricultural soils had similar enzyme activities across 
soil particle size fractions. When examining enzyme activity across structural fractions, oxidative 
and P-acquiring enzymes had no, or only slightly reduced activities (Figure 7b). Soil structural 
fractions showed less variation in enzyme activity and were more apt to have a non-significant or 
negative effect than particle size fractions (Figure 7). In general, enzyme activity was more 
similar within a land use than within the enzyme type regardless of fractionation method.   
Most studies in this experiment were agricultural, enabling a full meta-analysis to be 
completed on agricultural soils across soil fractions. The combined enzyme activity was not 
significantly different for particle size or structure fractions (p > 0.05). Variation in enzyme 
activity across agricultural structure fractions was muted (Figure 6b) relative to across all land 




across aggregates. Enzyme activity around clay-sized particles was greatest for N- and P-
acquiring enzymes, and silt-sized particles greatest for C-acquiring and oxidative enzymes 
(Figure 6a). Overall enzyme activity (from all groups, C-, N-, P-acquiring, and oxidative) were 
also examined across different fertilizer regimes and tillage for all particle size fractions.  
Three fertilizer regimes were examined independently of one another, no-nitrogen 
addition, organic, and inorganic fertilizer and also three tillage regimes, no-till, conventional-till, 
and reduced-till. Relative to no-nitrogen addition, inorganic fertilizer generally led to a reduction 
in enzyme activity while enzyme activity generally increased under organic fertilizer (Table 4). 
Organic fertilizer led to a reduction in enzyme activity in the fine sand fraction relative to 
inorganic fertilizer. However, under organic fertilization, silt and clay had elevated enzyme 
activity though clay was not significant. The silt fraction showed the greatest variation in enzyme 
activity, increasing under organic fertilizer and decreasing under inorganic. Tillage treatments 
generally had lower enzyme activities than the fertilizer treatments (Table 5). The coarse sand 
fraction had the greatest enzyme activity under no-tillage followed by the silt and clay fraction 
which had the next highest enzyme activity (Table 5). 
 
Effect of C:N, soil carbon, nitrogen, soil texture, experimental length, precipitation and 
temperature on enzyme activity  
 The large-macro-aggregate fraction was positively correlated with fraction C:N ratio, 
organic carbon, and total nitrogen for C-, N-, and P-acquiring enzymes (p < 0.05; Table 6). 
Opposingly, in the silt and clay fractions, C-acquiring enzyme activity was negatively correlated 




relationships were significant. In the clay fraction, C:N ratio, organic carbon content, and total 
nitrogen content were all significantly positively correlated with N- and P-acquiring enzyme 
activities (Table 6). The only fractions to show a positive relationship with oxidative enzyme 
activity and C:N ratio, organic carbon, and total nitrogen were the coarse sand and silt fractions, 
though only the latter was statistically significant (Table 6).  Organic carbon and total nitrogen 
content were negatively correlated with micro-aggregate N-acquiring enzyme activity (Table 6).  
Across all soil fractions, combined C- and N-acquiring enzymes exhibited a similar 
reduction in activity across all experimental durations (Figure 9). Though there are no obvious 
trends in enzyme activity across different experimental durations, in experiments over 25 years 
in length, activity was elevated for all enzymes, though this trend was not significantly different 
across durations (p > 0.05). Mean precipitation did not have a significant effect on combined 
enzyme activity for N- and P-acquiring enzymes (p > 0.1), but did for C-acquiring enzymes (p < 
0.01), where enzyme activity was greater at sites with less than 1000 mm of precipitation per 
year. Loamy and silty soils exhibited similar enzyme activity across all size fractions with the 
lowest activity observed in sandy-loam soils (Figure 9).  
DISCUSSION 
Enzymes enable microbes to degrade organic matter and cycle nutrients yet their 
distribution and activity across soil fractions is not well understood. My results show that 
enzymes exhibit different activity across soil fractions, with the highest activity typically found 
in the finest soil fractions. There was some variation in the activities of different enzymes across 
soil fractions, potentially suggesting different mechanisms of interaction with soil particles are 




in enzyme activity across all fractions relative to grasslands and prairies, likely reflecting the 
impact agricultural management practices has on soil organic matter concentrations and abiotic 
factors (Guggenberger et al., 1994; Grandy and Robertson, 2007).  
 
Distribution of combined enzyme activity across soil fractions  
There are a variety of fractionation methods employed to study soils yet no unified 
method exists. Little work has been done examining the differences in enzyme activity across 
different fractionation methods with most work in this area focusing on variations in carbon and 
nitrogen content (Trumbore and Zheng, 1996; Duddigan et al., 2019) or microbial biomass 
(Hassink, 1995). My research examined differences in enzyme activity across soil particle size 
fractionation methods (sand, silt, and clay), and structural fractionation methods (macro-
aggregates and micro-aggregates). Variation in enzyme activity across the particle size 
fractionation methods likely reflect changes in soil organic matter content, interactions with 
particle surfaces, and other biogeochemical factors (Plante et al., 2006; Grandy and Neff, 2008) 
while structural fractions can help elucidate patterns in enzyme activity which emerge through 
soils natural hierarchical organization (Poeplau et al., 2018). Significant differences in observed 
enzyme activity were found between and within the two fractionation methods.  
My study examined enzyme activity across soil fractions and found C-acquiring enzymes 
had lower activity across all fractions than activity of other combined enzymes, with the coarse 
and fine sand fractions showing lower activity than the silt and clay fractions which were not 
significantly different from zero (Figure 3). Carbon acquiring enzyme activity was not positively 




correlated in the microaggregate fraction (Table 6). A positive effect was observed for N- and P-
acquiring enzyme activities in the clay fraction which is often associated with the greatest 
microbial activity and rich in these nutrients, nitrogen and phosphorus (Figure 3; Hemkemeyer et 
al., 2018).  
Oxidative enzyme activity is greatest in the silt fraction likely due to high amounts of 
non-hydrolysable carbon and aromatics in the silt fraction (Grandy and Neff, 2008; Plante et al., 
2006). Aromatics and other recalcitrant compounds are degraded by oxidative enzymes as these 
enzymes do not display substrate specificity (Allison, 2006; Durán and Esposito, 2000; Freeman 
et al., 2001). Activities of combined oxidative enzymes were only significantly positively 
correlated with organic carbon, total nitrogen, and C:N ratio in the silt fraction (p < 0.05; Table 
6). The silt fraction had the most variation in combined enzyme activity, which may be due to 
the variety of surface characteristics (e.g. primary and secondary particles) or potential range of 
soil organic matter chemistries in the silt fraction (Figure 3). However, conglomerates of clay 
particles (e.g. floccules) can form and bind to silt particles, and may have been captured in the 
silt fractions depending on the specific soil dispersion technique used, which also may explain 
some of this variability; this may be particularly true for studies that did not separate soil into 
both a clay and silt fraction or were unable to detect activity in the clay fraction. Continued work 
on the role of silt-sized particles in protecting organic matter and forming aggregates is necessary 
to inform these soil organic matter dynamics.  
In the structural fractions, microaggregates often had elevated combined enzyme activity, 
though the results were not significant. Microaggregates, like clays, have been reported as having 
elevated bacterial abundance suggesting that enzyme activity may correspond to microbial 




have high microbial diversity due to interaction with particulate organic matter and biofilm 
production (Mills, 2003; Bach et al., 2018) which may lead to a variation in enzyme activity 
because different types of microbes may dominate the production of certain enzymes (Schneider 
et al., 2012). Additionally, the observed enzyme activity in large-macro-aggregates generally 
overlaps with observed activity in both micro- and macro-aggregates, likely due to the different 
levels of protection afforded by large-macroaggregate structure.  
 
Distribution of individual enzymes across soil fractions  
 By examining the activity of individual soil enzymes, I found differences in the 
distribution of enzyme activity across fractions based on enzyme function. In particle size 
fractions, individual carbon degrading enzymes followed a similar pattern observed for 
combined activity, however clear differences were present across different enzymes. Enzyme 
activity in the coarse and fine sand fractions were always negative, meaning a reduction in 
activity relative to the reference mean, though the magnitude of change was different across 
enzymes (Figure 4). No significant difference is observed for enzyme activity within the silt and 
clay fractions for BG, BX, I, and X relative to the reference mean. Cellobiohydrolase is the only 
C-degrading enzyme that shows a different trend, with activity in the silt and clay fractions 
exhibiting significantly lower activity than the reference mean; this may be due to the role of CB 
in the early stages of cellulose breakdown which may be more closely associated with the 
coarser sand fractions (Figure 4; Guggenberger et al., 1994; Dimarogona et al., 2012). 
Differences in the location of enzyme activity are likely due to enzyme characteristics (Yang et 
al., 2019), variation in the distribution of nutrients across the soil fractions, or differences in how 




The distribution of nutrients across soil fractions may more strongly influence certain 
enzymes such as acP, ARYL, BG, BX, and X as they degrade specific compounds or are targeted 
for specific nutrients. The change in activity for carbon-degrading enzymes has a lower 
magnitude of change than the N-, P-acquiring, and oxidative enzymes (Figure 4). Activity of N-, 
P-, and S-degrading enzymes were greatly elevated in the clay fraction where nitrogen and 
phosphorus accumulate (Grandy and Neff, 2008). Opposingly, larger fractions do not accumulate 
large quantities of these nutrients leading to a reduction in enzyme activity as observed in the 
coarse sand and macroaggregate fractions. Rao et al (2000, 1996) found elevated activity of acid 
phosphatase on mineral surfaces, likely due to high availability of phosphorus in certain 
secondary minerals. Similarly, fine fractions are enriched in microbial derived carbohydrates 
which may explain elevated activities of some C-acquiring enzymes in fine, rather than coarse 
fractions (Puget et al., 1998). Because oxidative enzymes do not degrade specific molecules of 
organic matter, their activity may vary across the soil fractions rather than be associated with a 
specific type of substrate. Activity of DH and POX were similar across fractions except for DH 
having elevated activity in the coarse sand fraction and POX showed significantly reduced 
activity in this fraction. Dehydrogenase is considered an endoenzyme, closely associated with 
internal cellular functions though has been shown to remain active outside of the cell, upon cell 
death (Blankinship et al., 2014) suggesting activity of DH may be greatest in locations of high 
microbial turnover. This idea is further supported by the large variation in DH activity across 
particle size fractions as microbes associate with all soil particles, particularly finer fractions 
(Sessitsch et al., 2001). 
Accumulation and removal of nutrients takes place along particle surfaces. This is 




accumulates (Grandy and Neff, 2008; Kleber et al., 2015; Newcomb et al., 2017) and surface 
charge may lead to enzymes binding to clay surfaces. Enzymes have different levels of attraction 
to mineral surfaces and can remain active when bound (Burns, 2010, 1982). Enzyme-mineral 
interactions have been hypothesized to take place to a greater extent at depth (Dove et al., 2020; 
Liu et al., 2020) while in the surface soil, enzymes may remain attached to a cell or to the 
periplasmic space (Burns, 1979). Continued research is needed to understand enzyme-surface 
interactions and their impact on enzyme function and nutrient mobilization.  
 
Enzyme activity across land uses  
Land use is known to influence soil characteristics including aggregation (Six et al., 
2000; Grandy and Robertson, 2007; Guo et al., 2020), and microbial activity and diversity 
(Bissett et al., 2011; Li et al., 2014). My results indicate combined enzyme activity experiences a 
similar magnitude and direction of change within a land use than within the enzyme type 
implying land use has a strong control on enzyme activity (Figure 7). Forests had the lowest 
enzyme activity across combined enzyme activities. Similar results have been reported by Chen 
et al (2018) who studied N-acquiring enzymes across different land uses and found the lowest 
activity in forests (Figure 7). Activity of phosphorus acquiring enzymes were most similar across 
land uses, possibly due to high demand for phosphorus across all systems. Agricultural soils 
often have lower soil carbon and nitrogen contents than prairie or grassland systems which may 
explain why agricultural studies showed lower enzyme activity relative to prairies which are rich 




Agricultural management practices strongly influence soil physiochemical parameters 
and nutrient availability which have been found to exert a strong effect on enzyme activity 
(Bowles et al., 2014; Assefa et al., 2020). My data shows a clear increase in enzyme activity with 
use of organic fertilizers and reduction in activity under inorganic fertilizer (Table 2). This 
supports results form a recent global meta-analysis by Xiao et al (2018) who examined enzyme 
activity across different nutrient additions, finding the addition of inorganic N and P suppressed 
enzyme activity. Inorganic fertilizer can suppress microbial biomass carbon and activity in turn 
reducing enzyme production (Kallenbach and Grandy, 2011; Lori et al., 2017). Organic 
fertilizers promote efficient biological function through the breakdown soil organic matter. 
Though my work examined the effect of all enzymes together, regardless of enzyme functional 
group, the reduction in enzyme activity with different fertilizers could be due to changes in soil 
pH cause by fertilization. A global-analysis of pH and enzyme activity across 40 land uses found 
N-, P-, and oxidase enzymes to have differential responses to pH (Sinsabaugh et al., 2008). 
Changes in pH are known to influence the microbial community and may influence enzyme 
production, thus activity though further research on this topic is necessary (Jin and Kirk, 2018). 
Additional research on enzyme activity within soil fractions should report pH data to better 
understand these relationships.   
 
Additional considerations for enzyme activity and the soil matrix  
 Recent work on the accumulation of organic matter in soil has focused on the distribution 
and turnover of organic matter across different soil fractions, namely particulate and mineral 
associated organic matter (Huang and Hall, 2017; Jilling et al., 2020). My work provides a 




enzyme characteristics in understanding enzyme activity. Yet the microbial community governs 
the production of enzymes and in turn influences both the type and distribution of enzymes 
produced. As previously noted, it is not possible to correlate the activity of enzymes and 
microbes (German et al., 2011; Nannipieri et al., 2012) as enzymes may remain active outside of 
the cell and may be preserved by interactions with mineral surfaces; however enzymes are also 
quite sensitive to the microscale physiochemical changes common in the soil environment which 
lead to denaturation (Burns, 1982). Soil microbes are also sensitive to changes in the soil 
environment so it is unlikely that most microbes are free-living. It is likely that most microbial 
life in soil, as in other environments, persists within microbial biofilms which can accommodate 
multiple life strategies (Flemming and Wuertz, 2019). Biofilms are aggregates of microbes 
encapsulated by a dynamic gel-like matrix known as the extracellular polymeric substance 
providing a relatively homeostatic environment for microbes, and their enzymes, to persist (EPS; 
Costerton et al., 1987; Flemming et al., 2007; Flemming and Wingender, 2010; Tourney and 
Ngwenya, 2014). Enzymes and nutrients can diffuse through the EPS, which makes up over half 
of the biofilm dry mass, or remain within the EPS and serve as a location of external digestion 
for the cells. Across most habitats, upwards of 90% of the microbial community exists within 
biofilms which provide relatively stable conditions for microbial growth (Flemming and Wuertz, 
2019).  
Within soil, it is likely that microbes exist within biofilms and bound directly to particle 
surfaces. Soil biofilms are believed to contribute greatly to soil aggregate structure, adhesion, 
nutrient and water retention (Costa et al., 2018). Biofilms may serve as important mediators for 
chemical signaling and have been shown to stimulate production of enzymes and other 




released by microbes may diffuse into the soil environment where denaturation, degradation, and 
adsorption are more likely to occur (Burns, 2010). In examining the production of peptides and 
polysaccharides from EPS at high and low C:N soil, Redmile-Gordon et al (2015) found the 
greatest increase in EPS production in high C:N soil with EPS having greater production of 
peptides and polysaccharides. Additionally, EPS produced a greater proportion of these 
compounds than the total soil suggesting that a large portion of new compounds entering soil is 
derived from microbes within the EPS. With high carbon availability stimulating the production 
of EPS biofilm components it is likely that EPS dominate in fractions characterized by a high 
C:N ratio such as macro-aggregates and particulate organic matter. Low carbon availability 
combined with high levels of nitrate have been shown to inhibit further biofilm formation 
(Weaver et al., 2015). Additionally, carbon availability has been tied to the production of 
extracellular enzymes (Schimel and Weintraub, 2003) which is supported by this study.   
 Mineral fractions are characterized by low soil C:N which may inhibit biofilm 
production, thus microbial communities in fine soil fractions may directly adhere to a particle 
surface. However, clay particles have been found to enhance biofilm formation (Vieira and 
Melo, 1995; Pereira et al., 2000; Alimova et al., 2006). Continued research is needed to 
understand the full extent of biofilm formation along clay surfaces. If biofilms do exist along 
mineral surfaces, it is likely that they are small microcolonies with diverse community 
assemblages which may occupy or bind to the complex topography characteristic of mineral 
surfaces. Assuming this is the case, it may explain why organic matter accumulates 
heterogeneously along mineral surfaces (Vogel et al., 2014). The potential for more biofilms 
along mineral surfaces may explain why my results show enzyme activity was elevated in the 




Over the past few years, biofilm research has received considerable attention. Continued 
research on biofilm formation, degradation, and diffusive capacities is necessary to develop a 
more complete understanding of soil physical-, chemical-, and biological-interactions. With 
regard to enzyme activity, biofilms may be key to our understanding of their distribution in soil 
as related to other variables including nutrients and microbial communities. More broadly, 
examining enzyme interactions within biofilms may elucidate patterns in organic matter turnover 
and persistence. The ability of biofilms to retain moisture in soils, prevent the diffusion of 
pathogens, bioremediate contaminated soil, and mobilize nutrients (Cai et al., 2019; Donlan, 
2000, 2002; Mitter et al., 2021) may also account for variation in enzyme activity across 
fractions or different land use types. Further study of soil biofilms should incorporate work on 
extracellular enzyme diffusion and organic matter accumulation and degradation by using 
advanced imaging techniques across multiple soil particle scales (Miot et al., 2014; Heredia-
Ponce et al., 2021).  
CONCLUSION 
 Enzymes drive biogeochemical cycles and are critical to organic matter degradation. My 
work shows enzyme activity differs across soil size fractions, whether fractionated using a 
particle size or structure-based fractionation method. I found the greatest enzyme activity occurs 
in the finest fractions, which is also characterized by high nutrient availability. Enzyme activity 
was reduced in forest and agricultural land uses and elevated in prairies possibly due to nutrient 
availability or other physiochemical factors I was unable to account for. Continued research is 
necessary to explore why enzymes behave differently across soil fractions and what this means 




enzymes produced by free-living microbes and biofilm communities may prove paramount to 
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Table 1. Detailed description of soil extracellular enzymes used in this study along with enzyme classification, function, group, 
and designation if full meta-analysis was completed on the enzyme. EC, enzyme commission number.  
Enzyme  EC* Enzyme function  
Main nutrient 
acquisition  Abbreviation  
Complete meta-
analysis  
      
(C, N, P, S, 
oxidative)   
Particle 
size Structure 
Amylase 3.2.1 Cleaves glycosidic bond  C-acquisition  A   
Acetyl esterase 3.1.1.6 Catalyzes acetic acid esters  C-acquisition  AE   
α -glucosidase 3.2.1.20 Degrades acetic acid esters  C-acquisition  AG   
Acid phosphatase  3.1.3.2 Degrades organic phosphatase in acidic pH  P-acquisition  ACP ✓ ✓ 
Alkaline phosphatase  3.1.3.1 Degrades organic phosphatase in alkaline pH  P-acquisition  AKP   
α-amino-acyl-peptide hydrolase 3.4.19.1 
Cleaves N-acetyl or N-formyl amino acid from 
polypeptide  N-acquisition  AL   
Arylsulfatase  3.1.6.1 Degrades sulfides  S-acquisition  ARYL ✓  
Butyrate esterase  3.1.1.1 Cleaves carboxylic ester  C-acquisition  BE   
β-1,4-Glucosidase 3.2.1.21 Releases glucose from cellulose  C-acquisition  BG ✓ ✓ 
β-1,4-Xylosidase 3.2.1.3.7 Degrades carbohydrates and hemicellulose C-acquisition  BX ✓  
Catalase 1.11.1.6 Degrades hydrogen peroxide Oxidative  CAT   
β-D-cellobiohydrolase 3.2.1.91 Degrades cellulose  C-acquisition  CB ✓ ✓ 
Chitinase 3.2.1.14 Degrades chitin  C-acquisition  CH   
Dehydrogenase 1.1.1 Oxidizes organic matter through hydrogen transfer  Oxidative  DH ✓  
Glycine aminopeptidase 3.4.11 Cleaves glycine residues  N-acquisition  GAP   
Invertase 3.2.1.26 Degrades sucrose into glucose or fructose C-acquisition  I ✓  
L-asparaginase 3.5.1.1 Hydrolyzes amides in organic matter N-acquisition  LA   
Leucine amino peptidase 3.4.11.1 
Degrades leucine and other hydrophobic amino 
acids N-acquisition  LAP ✓  
L-glutaminase 3.5.1.38 
Synthesizes ammonia through glutamine 
degradation  N-acquisition  LG   
Lipase 3.1.1.3 Degrades lipids  C-acquisition  LP   
β-1,4-N-Acetyl-glucosaminidase 3.2.1.14 Degrades chitin  N-acquisition  NAG ✓ ✓ 
Peroxidase 1.11.1.7 Degrades aromatic compounds  Oxidative PEROX   








Table 1. Continued  
Enzymes EC* Enzyme Function 
Main nutrient 
acquisition  Abbreviation  
Complete meta-
analysis  
   
(C, N, P, S, 
oxidative)   
Particle 
size Structure 
Phosphatase 3.1.3 Cleaves phosphoric acid monoesters P-acquisition  P   
Protease 3.1.3.21 Degrades phenolic groups  N-acquiring PR   
Sulfatase 3.1.6.19 Cleave alkyl sulfate bonds  C-acquisition  S   
Urease 3.5.1.5 Produced ammonia through urea degradation   N-acquisition  U   
Xylanase 3.2.1.156 Degrades polysaccharide and hemicellulose  C-acquisition  X ✓   
*Enzyme commission number, EC  
 
 
Table 2.  Moderator classification used in analysis.  
Moderator Variable Levels 
Fractionation Method 
Texture (coarse sand, fine sand, silt, clay) 
Structure (large-macro-aggregates, macro-aggregates, micro-aggregates) 
Enzyme Classification see Table 1 
Land use Agriculture, forest, grassland, prairie 
Experiment Length Long term (>25 years), intermediate (11-25 years), short term (<10 years) 
Precipitation <1000, 1000-2000, >2000 mm 
Temperature 0-5, 5-10, 10-15, 15-20, >20 C 






















L11 BG Ag Control 250-2000  Coarse sand 9.15 26.1 
L11 BG Ag Control 63-250 Fine sand 6.81 26.1 
L11 BG Ag Control 2-63 Silt 27.0 26.1 
L11 BG Ag Control <2 Clay 61.6 26.1 
L11 BG Ag Compost 250-2000  Coarse sand 5.69 35.4 
L11 BG Ag Compost 63-250 Fine sand 7.52 35.4 
L11 BG Ag Compost 2-63 Silt 29.1 35.4 
L11 BG Ag Compost <2 Clay 99.2 35.4 





Figure 3. Estimate of the percent change in combined enzyme activity across soil particle size 
fractions relative to the reference mean with error bars representing the 95% CI. No distinctions 
drawn between land uses. Beside each bar the number of observations is displayed. Significance 









Figure 4. Percent change in activity for a) individual C-acquiring enzymes and b) individual N-, 
P-, S-acquiring and oxidative enzymes across soil particle size fractions relative to the reference 
mean. Error bars represent the 95% CI. Estimates do draw no distinctions between land uses. The 
number of observations is displayed beside each bar. Significance displayed on the left 





Figure 5. Estimate of the percent change in combined enzyme activity across soil structure 
fractions relative to the reference mean with error bars representing the 95% CI. No distinctions 
drawn between land uses. The number of observations is displayed beside each bar. Significance 
displayed on the left represents differences between fraction   means. Non-significance denoted 
NS. 
 
Figure 6. Percent change in activity for individual C-, N-, P-, S-acquiring and oxidative enzymes 
across soil structural fractions relative to the reference mean. Error bars represent the 95% CI. 
Estimates do draw no distinctions between land uses. The number of observations is displayed 
beside each bar. Significance displayed on the left represents differences between fraction 









Figure 7. Percent change in combined enzyme activity across land uses for soils fractionated 
using the a) particle size fractionation method and b) structural fractionation method relative to 
the reference mean. Error bars represent the 95% CI. The number of observations is displayed 
beside each bar. Significance displayed on the left represents differences between estimated land 








Figure 8. Percent change in combined enzyme activity with the agricultural land use and soils 
fractioned with either the a) particle size and b) structural method. Error bars represent the 95% 
CI, points without error bars were too large to be displayed on this scale. The number of 
observations is displayed beside each bar. Significance displayed on the left represents 





Table 4. Enzyme activity across three different levels of nitrogen addition, no-nitrogen, organic 
fertilizer, and inorganic fertilizer. The effect size estimate for organic fertilizer included residues, 
compost, sewage sludge, limestone, and manure/farm yard manure. Inorganic fertilizer estimates 
included either nitrogen only additions or nitrogen-phosphorus-potassium additions. Differences 
between fertilizer application rates were not accounted for. Estimate and 95% CI calculated as an 
average of all enzymes used in studies. The number of studies and number of observations used 














 No-nitrogen  
Coarse sand  -31 -47.7 -9.2 7 42 
Fine sand -28.6 -44.9 -7.3 8 44 
Silt -10 -25.1 8.0 9 48 
Clay -10 -32.6 20.1 8 44 
All Fractions  -25.9 -35.7 -14.6 9 147 
 Organic Fertilizer  
Coarse sand  -20.1 -44.6 15.2 7 22 
Fine sand -58.6 -69.1 -44.6 7 22 
Silt 18.3 2.5 36.6 7 22 
Clay 9.5 -14 39.4 7 22 
All Fractions  -19.1 -30.7 -5.5 7 88 
 Inorganic Fertilizer  
Coarse sand  -34 -50.2 -12.3 6 32 
Fine sand -6.4 -25 17 7 36 
Silt -17.5 -31.2 -0.9 5 40 
Clay -30.7 -50.3 -3.3 7 36 





Table 5. Enzyme activity across different tillage practices. Estimate and 95% CI calculated as an 
average of all enzymes used in studies. The number of studies and number of observations used 













Coarse sand 31.7 15.2 50.6 2 22 
Fine sand -38.5 -22.8 33.7 3 25 
Silt -23.2 -36.1 -7.6 3 25 
Clay -55.2 -68.4 -36.6 3 25 
All Fractions  -15.9 -25.3 -5.3 4 89 
 Conventional Till 
Coarse sand -26.8 -43.9 -4.4 5 35 
Fine sand -13.7 -35.8 16 5 35 
Silt -4.2 -19.5 14.0 5 35 
Clay -42.4 -60 -16.9 5 16 
All Fractions  -21.1 -30.5 -10.6 6 158 
 Reduced Till 
Coarse sand -1.05 -32.8 45.8 2 16 
Fine sand -38.5 -57.6 -10.8 2 16 
Silt 0.14 -12.3 14.3 2 16 
Clay -17.3 -43.7 14.3 2 16 





Table 6. R2 values for combined enzyme activity in relation to the C:N ratio, organic carbon content, or total nitrogen content 
of each fraction. Significant relationships are shown in bold (p < 0.05).  





































Coarse sand 0.021 0.013 0.146 -0.0257 -0.009 0.063 0.24 0.21 0.475 0.086 0.097 0.004 
Fine sand 0.016 0.009 -0.016 0.153 0.053 0.156 0.104 0.096 0.136 -0.056 -0.043 -0.064 
Silt -0.001 -0.007 -0.012 0.009 0.009 -0.01 0.0314 -0.036 -0.082 0.249 0.419 0.655 
Clay -0.002 0 -0.006 0.321 0.134 0.105 0.591 0.605 0.925 0.075 -0.03 -0.141 
Large-macro-
aggregates 0.6 0.412 0.502 NA 0.157 0.226 NA 0.558 0.468 NA 0.531 0.531 
Macro-
aggregates 0.074 0.165 -0.018 0.05 0.098 0.05 -0.038 -0.048 -0.076 NA 0.002 -0.019 
Micro-








Figure 9. Effect of experimental length, mean precipitation, mean temperature, and soil texture on activity of C-, N-, P-
acquiring and oxidative enzymes across all soil particle size fractions (coarse and fine sand, silt, and clay). Error bars represent 
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